We present the analysis of emission profile of downconverted photons from a critically phase-matched nonlinear crystal. This is done via direct imaging of down converted photons by a CMOS camera. The effects of nonlinear crystal thickness in collinear and non-collinear geometries on the down converted photon pair rate is directly observed and the experimental results show that the photon pair rate increases linearly with the crystal thickness. However, the rate of the photon pairs collected to a single mode fiber goes quadratically with the crystal length because of the cylindrical asymmetries in the optical path and the exit angle around the pump mode within the nonlinear crystal. The use of cameras for real-time and direct imaging of down conversion emission profile significantly simplifies the phase-matching alignments and the collecting the entangled photons.
INTRODUCTION
Photons are the most widely used particles for entanglement experiments due to their well-established production procedures and ease of manipulation in various types of media. Spontaneous parametric down conversion (SPDC) is the most well-known technique for creating entangled photon pairs [1, 2] , in which the field of a pump photon is absorbed and two photons of smaller energy are re-emitted leaving the atoms of the crystal unaffected. The newborn daughter photons possess nonlocal correlations due to the energy and momentum conservation during the SPDC process. The pairs are created using either critically phase-matched bulk crystals or more recently quasiphase matched (or non-critically phasematched) crystals [3, 4] . The photon pair sources are highly exploited in quantum key distribution [5] , quantum teleportation [6] and quantum computation experiments [7] . This allowed highly successful demonstrations in the laboratory environments. However, it has only recently been studied to develop sources that can operate in rough conditions like space, underwater and various types of moving vehicles [8, 9] . Such studies point out the strict considerations on the size, weight and power (SWaP) by keeping the brightness, collection efficiency and the entanglement fidelity maximum, where the brightness can be defined as the photon pair rate per second per mW pump power. Recently, robust and compact sources are developed that can even survive through extreme conditions [10] . However, it is still an ongoing quest to optimize the pair sources for having maximum brightness with desired entanglement quality to achieve wide range quantum key distribution networks [11] . For using the photon pairs at distant locations for quantum communications, they are required to be transported either in free-space or in fibers. For both cases the pairs are needed to be single (fundamental) Gaussian mode for their efficient use. Collecting the photons to a single mode fiber can guarantee the single mode profile, and therefore easy manipulation of the photons [14] . However, this spatial filtering reduces the brightness, which is very critical for the design process of the pair sources. For thick crystals the pump walk-off due to the birefringence of the material causes asymmetries in the down conversion emission profile. This increases the losses during the collection of the down converted photons into a single mode fiber.
In SPDC photon pair generation, each signal photons generated is correlated with each idler photon. In contrast to theory, due to experimental limits such as transverse momentum distribution of the pump and length of the crystal, the generated photon pairs will have a certain width. short crystal approximation has been used in the context of many entangled photons based applications. Also, large amount of works has been focused to study the effect of annular shape present in the SPDC pair. In this paper, we analyze the emission profile of a type-1 collinear (and non-collinear) down conversion source depending on the nonlinear crystal thickness. The direct observation of the down converted photons using a camera allows the experimental verification of the developed model. Earlier investigations on the absolute down conversion rates with finite pump beam spot size shown that the rate of photon pair production is independent of the pump size [3, 4, 18] . On the other hand, the experimental results indicated some optimal pump beam size [Ljunggren05 ve daha fazlasını bul]. We show that the contradictions between these studies arise from the fact that the brightness is no independent from the collection optics and different collection configurations points different "optimal" pump size and geometry.
The asymmetry of SPDC photons are thought to be negatively affect the efficiency of coupling in single mode fiber. It is very crucial to effectively couple the SPDC photons to single mode fiber for optical fiber based quantum communication applications. The modes present in the down converted photons is attributed to orientation of the nonlinear crystal, pump beam waist size and crystal length focusing parameter (FP). Hence, using a thin crystal with carefully choosing beam waist and orientation of the crystal nullify the asymmetry present in the down converted photons. But this will affect the visibility of entangled photons-effectively reducing the quality of entangled photons. We introduce a solution for this problem using a converging lens.
THEORY
We treat incident pump beam for SPDC photon generation as classical and generated signal and idler photons as quantum. The electric field of pump beam is given by (( , ), , )
Where is the transverse mode of the pump beam, is the angular frequency of the pump, 0 ( 0 , )is the amplitude of the pump, is the wave number of the pump, which is defined as = The walk off effect will determine the amount of the annular asymmetry in SPDC field. The first term in eq. (1) tells about the effect of pump beam waist on mode distribution of the two photon. The second term quantify the length effect on mode distribution of generated entangled photons. The asymmetry is proportional to the pump beam waist size and crystal length. The lateral walk off , , is defined by tan , Where is the walk off angle and L is the length of the nonlinear crystal.
The downconverted signal/idler photon are circularly distributed around the extraordinary polarized pump beam. Though the SPDC photons has symmetric circular shape where the photons are born, it will have an asymmetric shape at the end of the crystal. This is because the photons generated below the extraordinary pump direction travels more within the crystal. At the exit surface of the crystal, the down converted photons experience linear refraction. Since the angle between the photon momentum and surface normal differs for photons that are born at different locations. Therefore, the cylindrical shape of down converted modes gets further distorted. This effect is independent of the down conversion geometry; however, the effect is more visible in non-collinear geometry. The level of asymmetry in the down conversion is correlated to the crystal thickness. While the effect is negligible in thin crystals, the asymmetry increases with the crystal thickness. Because of the distorted spatial profile of the downconverted modes the coupling efficiency to the single mode optical fiber reduces. In fact, this is valid for all types of spatial mode filtering. 
EXPERIMENTS AND RESULTS
Our experimental work aims to characterize the asymmetry present in the SPDC photon field. In the experiment we change the length and angular orientation of the nonlinear crystal and study the field of down converted photons with the advantage of CMOS camera to directly observe the SPDC photons. The experimental set up we used as shown schematically in the figure 4. A collimated Gaussian beam of power 40mW from a laser diode (LD) centered at 405nm with bandwidth of 40MHz is used as a pump for the SPDC photon generation. A fluorescent filter is used to reduce the non-UV background light. A half wave plate is placed on the path of laser beam to rotate the polarization of the pump beam. The pump beam illuminates the nonlinear crystal which produces entangles photons of wavelength 780nm and 842nm for signal and idler respectively. The length of the nonlinear crystal was taken to be 2mm, 3mm, 4mm, 6mm, 10mm. The Type I BBO crystal with 28.82-degree phase matching cut angle for collinear geometry is used as nonlinear crystal. the SPDC photons are generated inside nonlinear crystal which propagates outside the crystal at various cone angle depends on the pump beam incident angle. We rotate the crystal along the optic axis of the crystal to study the effect of crystal angle on SPDC annular shape. Pump photons are suppressed by transmitting the signal and idler modes through a long-pass filter with a cut-on wavelength of 750 nm (F1), followed by a bandpass filter centered at 810 nm with a 10 nm bandwidth (F2); both of these filters are placed normal to the axis defined by the pump. The setup scheme can be seen in Fig.2 .
In the experiment, the length and orientation of the nonlinear crystal are variables. We rotate nonlinear crystal at the optic axis of the crystal and pump beam plane using a rotational stage and observe the SPDC image for a set of crystal length. We have captured the image of generated entangled photons using a CMOS camera, which is first time in its kind. The captured image excellently matches with the theoretically predicted image [22] . The CMOS images of SPDC photons for crystal length L=2mm and L =10mm are shown in Fig.  3 .in the figure, it is seen that the asymmetry of the SPDC photons are increased as with length of the crystal. To quantify the asymmetry mode of SPDC photons we introduce asymmetric factor AF, = 1 − , where a is the width of the thick side of asymmetric mode shape and b is the thin side of the asymmetric mode shape as shown in Fig.  4 . The behavior of asymmetry was studied for different crystal length. The asymmetry in the SPDC photons increases with length of the crystal. This effect is plotted in Fig. 5 . 
CONCLUSION
The direct detection of SPDC photons gives the opportunity to realize the predicted mode shape of the generated down converted beam. To understand (a) (b) and study the SPDC photons mode shapes we have used a CMOS camera. Our study conclude that the shape of the modes is effected by nonlinear crystal length and orientation, and beam waist size of the pump beam. Our result shows that, Longer the nonlinear crystal length causes greater asymmetry in the annular shape of the SPDC.
